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Abs t rac t  
Models of the pr imi t ive  s o l a r  nebula have been constructed.  A model i s  
required t o  be i n  c e n t r i f u g a l  equi l ibr ium r a d i a l l y  i n  the plane of the d i sk  
and i n  hydros t a t i c  equi l ibr ium perpendicular  t o  the plane of the d isk .  The 
d i s t r i b u t i o n  of angular momentum pe r  u n i t  mass i n  the  i n i t i a l  model i s  t h a t  
appropriate  t o  a fragment of a co l laps ing  i n t e r s t e l l a r  gas cloud. 
For a reasonable d i s t r i b u t i o n  o f  the angular momentum pe r  u n i t  mass, 
One s o l u t i o n  has a there  a r e  two so lu t ions  wi th  c e n t r i f u g a l  equi l ibr ium. 
very f l a t  sur face  dens i ty ,  which i s  unstable  aga ins t  many per turba t ions ,  and 
presumably forms a double s ta r  system,, 
condensed and i s  taken t o  be an approximate model of the pr imi t ive  s o l a r  
nebula. This model i s  formed as  a r e s u l t  of a d p a m i c a l  co l lapse  rocess  
which produces i n i t i a l  i n t e r i o r  temperatures i n  the v i c i n i t y  of  loe OK. The 
co l lapse  causes i n i t i a l  turbulence,  and there  i s  a r e s u l t i n g  r e d i s t r i b u t i o n  
of angular momentum as a r e s u l t  of tu rbulen t  v i s c o s i t y ,  This has been taken 
i n t o  account i n  an approximate way and the  r e s u l t i n g  r e d i s t r i b u t i o n  of su r face  
The ‘dther s o l u t i o n  i s  much more a x i a l l y  
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dens i ty  has been ca lcu la ted .  
The nebula cools  a t  constant  c e n t r a l  pressure.  In the range 2000- 
5000 OK the  opac i ty  i s  small and the  nebula i s  i n  r a d i a t i v e  equi l ibr ium. 
lower temperatures the opac i ty  i s  g r e a t l y  increased due t o  molecules l i k e  
H2O and t o  condensed p a r t i c l e s ,  mainly i r o n  and s i l i c a t e  gra ins .  
duces thermally-driven convection ou t  t o  a nebular  rad ius  of a few as t ro -  
nomical u n i t s .  I n  t h i s  region there  i s  renewed turbulen t  v i s c o s i t y ,  which 
leads t o  outward t r anspor t  of angular momentum and inward n e t  t r anspor t  of 
mass t o  form the  sun. 
A t  
This pro- 
The accumulation of s m a l l  p a r t i c l e s  i n t o  l a r g e r  bodies always takes 
place i n  the presence of gas and i s  a s s i s t ed  by turbulence and acce le ra t ion  
by e l e c t r i c  f i e l d s .  Lightning f lashes  may play a r o l e  i n  the formation of 
chondrules. Continued convective t r anspor t  through a range of  temperatures 
mus t  p lay an important r o l e  i n  the chemistry of  the accumulating mater ia l .  
The r e l a t i o n  of  these processes t o  the range of condi t ions presented i n  the 
nebular  model i s  discussed,  
Several  years ago I presented an ana lys i s  of the cond5tians i.n which an 
i n t e r s t e l l a r  cloud could become unstable  aga ins t  g r a v i t a t i o n a l  co l lapse  [I] 
For a cloud of 1000 s o l a r  masses, an i n i t i a l  dens i ty  of about PO00 hydrogen 
atoms pe r  cubic  cent imeter  i s  required.  High i n i t i a l  d e n s i t i e s  of t h i s  kind 
may be produced i f  the ou te r  regions of  a n e u t r a l  hydrogen cloud a re  ionized 
by the u l t r a v i o l e t  r a d i a t i o n  from an 0 o r  B star ,  thus c rea t ing  the necessary 
high sur face  pressure f o r  the  compression t o  high dens i ty .  
It i s  t o  be expected t h a t  such a cloud w i l l  be turbulen t  and t h a t  i t s  
co l lapse  w i l l  be roughly isothermal .  The r e s u l t i n g  dens i ty  f luc tua t ions  
should i n i t i a t e  fragmentation i n  the cloud. In  a recent  paper 1 concluded 
t h a t  the turbulen t  component of the  i n t e r n a l  angular momentum of a fragment 
should be comparable t o  t h a t  assoc ia ted  wi th  an i n i t i a l  co ro ta t ion  of the 
i n t e r s t e l l a r  cloud wi th  i t s  o r b i t a l  motion about the cen te r  of  the galaxy [2]*  
The sphe r i ca l  co l lapse  of such a fragment would form an ob jec t  on the 
high luminosity "Hayashi" t r a c k  i n  the Hertzsprung-RdsseU diagram which 
charac te r izes  s t e l l a r  evolut ion.  However, considerat ions o f  the  conservat ion 
of  angular momentum i n  the co l laps ing  fragment ind ica t e  t h a t  i t  should form 
a r o t a t i n g  f l a t  d i sk  with a rad ius  of  s eve ra l  t ens  of  astronomical u n i t s ,  
much l a r g e r  than a s ta r  would possess on the Hayashi t rack [l,3]. It has 
been the ob jec t ive  of  the present  work t o  discover  how such a d i s k  might 
d i s s i p a t e  t o  form the sun and the s o l a r  system. 
I n  order  t o  r e l a t e  the problem to the  i n t e r s t e l l a r  cloud condi t ions,  the 
cloud fragments were assumed t o  be uniformly-rotatfng spheres The equators  
of these spheres were assumed t o  have conserved t h e i r  l o c a l  angular momentum 
from the i n i t i a l  cloud co ro ta t ion  condi t ion wi th  i t s  angular v e l o c i t y  of 10"15 
radians/second, The dens i ty  w a s  assumed t o  vary l i n e a r l y  wi th  rad ius  from a 
c e n t r a l  value t o  a sur face  value.  The s p e c i f i c  models used i n  the present  
ca lcu la t ions  have two s o l a r  masses. In  one sphere the dens i ty  w a s  uniform 
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("uniform sphere") and i n  the o the r  sphere the d e n s i t y  f e l l  l i n e a r l y  from the 
c e n t r a l  value t o  zero a t  the sur face  (" l inear  sphere"). 
Each sphere was divided i n t o  50 c y l i n d r i c a l  zones concent r ic  about the 
axis of r o t a t i o n ,  and the mass and angular momentum of each zone was calcu- 
l a t ed .  The m a s s  w a s  then considered t o  have col lapsed i n t o  a t h i n  f l a t  d i s k ,  
and i t  w a s  required t h a t  the mass i n  the d i s k  be everywhere i n  cen t r i fuga l  
equi l ibr ium with r e spec t  t o  the  g r a v i t a t i o n a l  forces  a t  t h a t  po in t  i n  the 
d i sk ,  Radial  pressure grad ien ts  were neglected s ince  I w a s  i n t e r e s t e d  i n  the 
case i n  which thermal energ ies  i n  the  gas would be much l e s s  than the  bulk 
r o t a t i o n a l  k i n e t i c  energ ies  
Gravi ta t iona l  p o t e n t i a l s  were ca lcu la ted  by the  technique of a super-po- 
s i t i o n  ofconcent r ic  sphero ida l  s h e l l s  of varying dens i ty  i n  the l i m i t  of zero 
e c c e n t r i c i t y  [ 4 - 8 ] .  With some t r i a l  mass d i s t r i b u t i o n  i n  the d i sk ,  the sur -  
face dens i ty  i n  each zone was var ied  and the changes i n  angular momentum per  
u n i t  mass required f o r  c i r c u l a r  motion f o r  a l l  the  o the r  zones were determined. 
A matrix was then inver ted  t o  determine what per turba t ions  t o  introduce i n t o  
the sur face  d e n s i t i e s  of a l l  the zones so t h a t  the  angular momentum required 
f o r  c i r c u l a r  motion i n  the model would appreach the assigned values .  
P t  was discovered t h a t  each of the two o r i g i n a l  spheres had two d i f f e r -  
e n t  sur face  dens i ty  d i s t r i b u t i o n s  f o r  which it w a s  i n  cen t r i fuga l  equi l ibr ium. 
The four  so lu t ions  a r e  shown i n  Figure 1. The f l a t  so lu t ion  f o r  the uniform 
sphere is known c l a s s i c a l l y  c9]; i e  f a  i n  uniform r o t a t i o n ,  
there  i s  an axially-condensed so lu t i cn .  
condensed so lu t ions ,  which he shows can be produced by s l i g h t  per turba t ions  
i n  the mass d i s t r i b u t i o n  of  a uniform sphere.  However, i t  has 'been shown by 
the present  numerical technique t h a t  the same m a s s  and angular momentum 
d i s t r i b u t i o n  i s  cons i s t en t  wi th  each so lu t i . sn ,  I n  the axially-condensed 
s o l u t i o n  the angular v e l o c i t y  v a r i e s  roughly inve r se ly  as the r a d i a l  d i s t ance ,  
so  t h a t  there  i s  a l a rge  amount of  shear  i n  the  so lu t ion .  
I n  addi t ion  
Mestel e$]  has discussed such ax ia l ly -  
The f l a t t e n e d  l i n e a r  sphere e x h i b i t s  a s i m i l a r  behavior,  as shown i n  
Figure 1. There i s  a n e a r l y - f l a t  so lu t ion ,  which fs near ly  fn uniform ro- 
t a t i o n ,  and which has a very sharp edge. The axially-condensed s o l u t i o n  is  
more s t r i k i n g l y  so,  The i r r e g u l a r i t y  of  t h i s  soluti .on near  the  ax is  i s  an 
a r t i f a c t  of the f i n i t e  zoning and has no physical  s ign i f i cance ,  This so- 
l u t i o n  a l s o  has a condensed r i n g  near  the ou te r  edge, which w i l l  be discussed 
i n  more d e t a i l  below. 
P bel ieve  t h a t  the ex is tence  of these two so lu t ions  has g r e a t  cosmogonic 
s ign i f i cance .  
uniformly-rotat ing f l a t  d i sk .  He has found i t  t o  be unstable  aga ins t  both 
r a d i a l  and non-radial  per turba t ions .  (Professor  Gold has informed me t h a t  
he and Bondi have found a very l imi ted  range of parameters i n  which t h i s  
appears no t  t o  be t r u e . )  K,H. Prendergast  (pr iva te  communication) has shown 
numerically t h a t  a f l a t  g a l a c t i c  d i s k  wi th  superposed random v e l o c i t i e s  of 
the  ind ivfdual  mass poin ts  deforms i n t o  a corotacing ba r ,  It appears l i k e l y  
t h a t  the co ro ta t ing  d i s k  w i l l  deform i n  a s i m i l a r  manner and w i l l  subse- 
quent ly  form a c lose  p a i r  of b inary  stars,  Eclo f u r t h e r  ~ a l e u l a t i o n s  have 
been ca r r i ed  out  with these f l a t  so lu t ions .  Whether a co l laps ing  i n t e r -  
s t e l l a r  cloud fragment forms a f l a t  d i s k  o r  an axially-candensedl d i s k  must 
depend upon s u b t l e  f ea tu res  of the dynamics of the co l lapse ,  
Hunter [ lo]  has examined the  s t a b i l i t y  of the c l a s s i c a l  
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I r e f e r  t o  the  axiqlly-condensed p r o t o s t e l l a r  d i sks  as " s t e l l i sks" .  I 
assume t h a t  they a re  s t a b l e  aga ins t  per turba t ions ,  bu t  no ana lys i s  of  t h i s  
po in t  has been made. 
When a s t e l l i s k  i s  formed as a r e s u l t  of the dynamical co l lapse  process ,  
the  gas w i l l  overshoot the p o s i t i o n  of  c e n t r i f u g a l  equi l ibr ium, thus inducing 
a s t a t e  of i n i t i a l  turbulence i n  the d isk .  The energy input  i n t o  the  turbu- 
lence a r i s e s  from the  released g r a v i t a t i o n a l  p o t e n t i a l  energy. Since there  
is  no continuing source of energy input  i n t o  the turbulence,  i t  i s  shor t -  
l i ved .  The l a r g e s t  eddy motions a r e  broken i n t o  smaller  motions a f t e r  the 
gas has moved through a mixing length ,  which takes  a s m a l l  f r a c t i o n  of an 
o r b i t a l  period. 
I have estimated the angqlar momentum t r a n s f e r  between adjacent  zones 
due t o  turbulen t  v i s c o s i t y ,  using d a t a  appropriate  t o  the s t e l l i s k  models 
of Figure 1. It turned out  t h a t  the  angular momentum t r a n s f e r  would be 
s u f f i c i e n t  t o  make adjacent  zones co ro ta t e  I f  they did no t  change t h e i r  r a d i a l  
pos i t ions .  I n  f a c t ,  the angular momentum t r a n s f e r  would spread the zones 
apa r t  and increase  the shear  between them. The s i t u a t i o n  was t r e a t e d  very 
crudely by taking the inner  f ivq  zones f o r  a s t e l l i s k  model and r e d i s t r i b u -  
t i n g  the angular momentum sa t h a t  they would co ro ta t e  a t  t h e i r  given pos i t i ons .  
This procedure was then appl ied t o  zones 2 t o  6 ,  3 t o  7 ,  and s o  on i n  the 
model u n t i l  the  outer  edge w a s  reached. 
t o  cen t r i fuga l  equi l ibr ium. 
The models were then aFain relaxed 
The j u s t i f i c a t i o n  f o r  t h i s  procedure l ies  i n  the f a c t  t h a t  the center  
of a cloud fragment w i l l  co l lapse  f a s t e r  than t h e  sur face  l aye r s ,  so  t h a t  
the  turbulen t  r e d i s t r i b u t i o n  of angular momentum w i l l  be completed near  the  
cen te r  before  the ou te r  p a r t s  have f in i shed  co l laps ing .  
The model of  the uniform sphere s t e l l i s k  a f t e r  d i s s i p a t i o n  of i n i t i a l  
turbulence i s  shown i n  Figure 2 ;  i t  i s  compared i n  the f igu re  with the 
i n i t i a l  model of  Figure 1, It may be seen t h a t  a s l i g h t  f u r t h e r  n e t  c e n t r a l  
condensation of mass has occurred, except  near  the  o u t e r  edge. A prominent 
ou te r  condensed r i n g  has formed, and a s l i g h t  second ring-Pike pe r tu rba t ion  
i s  a l so  present .  
A s i m i l a r  behavior f o r  the  l i n e a r  sphere i s  shown i n  Figure 3.  I n  t h i s  
case two prominent condensed o u t e r  r ings  a r e  present .  
It may be deduced from these f igu res  t h a t  condensed r ings  w i l l  have 
an increas ing  tendency t o  form as the  r e l a t i v e  m a s s  f r a c t i o n  i n  the ou te r  
l aye r s  i s  reduced and as  the  g rad ien t  of the angular momentum per  u n i t  mass 
i n  the o u t e r  l aye r s  i s  increased. The r e a l i t y  of the r ings  was t e s t ed  by 
compressing and smoothing the  outer  zones of the l i n e a r  sphere s t e l l i s k  and 
re lax ing  again t o  cen t r i fuga l  equi l ibr ium. Again the two condensed r ings  
appeared, bu t  the  o u t e r  one centered on a d i f f e r e n t  zone. Thus the r e a l i t y  
of  the r i n g  s t r u c t u r e  was demonstrated, b u t  the uniqueness of the s t r u c t u r e  
remains an open quest ion,  Calculat ions with a f i n e r  zoning mesh a r e  needed 
f o r  a f u r t h e r  i nves t iga t ion  of t h i s  quest ion.  
It seems l i k e l y  t o  me t h a t  these r ings  w i l l  be unstable  aga ins t  non- 
r a d i a l  per turba t ions ,  and t h a t  they w i l l  deform t o  form separa te  d i sk - l ike  
condensations o r b i t i n g  about the c e n t r a l  d i sk ,  Such sub-disks seem l i k e l y  
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precursors  of  the  g i a n t  p l ane t s  of the  s o l a r  system. 
The co l l apse  of the  i n t e r s t e l l a r  cloud fragment w i l l ,  i n  the  l a t e  s t a g e s ,  
l ead  t o  a d i a b a t i c  hea t ing  of the inne r  p a r t s  of  the  s t e l l i s k  to  lo4 OK o r  
higher.  
d i s s i p a t i o n  of the  d i s k  w i l l  depend on the  ope ra t ion  'of t u rbu len t  v i s c o s i t y  
t o  t r anspor t  angular  momentum outwards. 
source f o r  such turbulence would be thermally-dr iven convection. This would 
r equ i r e  supe rad iaba t i c  temperature g rad ien t s  t o  e x i s t  perpendicular  t o  the  
plane of  the  d i sk .  
plane w a s  i nves t iga t ed  wi th  the  s impl i fy ing  assumption t h a t  any column o f  the  
d i s ~  could be considered p a r t  of  an i n f i n i t e  plane of matter having the same 
l o c a l  condi t ions .  
There w i l l  be an i n i t i a l  per iod of  rap id  r a d i a t i v e  cool ing.  Fu r the r  
The only apparent  energy i n p u t  
Hence the  s t r u c t u r e  of the d i s k  perpendicular  to  the  
It is  i n s t r u c t i v e  t o  examine the  equat ions f o r  the s t r u c t u r e  of the d i s k  
perpendicular  to the  plane under the  s impl i fy ing  assumption t h a t  the d i s k  
is  ikothermal [ 8 ) .  
opac i ty  i n  the  d i sk .  We a s m e  the  p e r f e c t  gas law:  
Such a cond i t ion  would hold when t h e r e  i s  n e g l i g i b l e  
The g r a v i t a t i o n a l  p o t e n t i a l  cp can be obtained from Poisson ' s  equat ion  
2 dz 
where z i s  the  d i s t ance  perpendicular  t o  the  plane measured from i t s  center .  
The equat ion  of h y d r o s t a t i c  equi l ibr ium i s  
L e t  us d e f i n e  the  p a r t i c l e  and t o t a l  su r f ace  d e n s i t i e s  as 
c5 
2 
= 1" pdz 
0 
CT 
= pdz 
0 
2 
The s o l u t i o n  o f  (2) and (3) i s  
c5z * 
OS U 
p = pc [ 1- ( - 1 ] Pc sech2 (f) Y 
(4) 
(5) 
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where pc is the  d e n s i t y  a t . t h e  c e n t e r  of the  d i s k  and zu is  the  semi-thickness 
which the disk  would have i f  i t  were uniform w i t h  the  central dens i ty .  
p a r t i a l  su r f ace  d e n s i t y  aZ is 
The 
az = cr S tanh (E) 
U 
Denoting the  central pressure  by P we have 
C’ 
2 
p =i- 
TTGD 
S 
C 2 
(7) 
It should be noted from equat ion  (9) t h a t  the  c e n t r a l  p re s su re  i s  inde- 
pendent of the temperature;  hence i t  remains cons t an t  as the  d i s k  cools .  
However, i t  depends s t rong ly  on the  su r face  d e n s i t y  i n  the d i s k ,  ranging 
downwards from- lo2  atmospheres near  the  cen te r  of t he  s t e l l i s k s  of 
Figure 3 .  The semithickness parameter z u  i s  propor t iona l  t o  the  tempera- 
t u r e  and inve r se ly  propor t iona l  t o  the su r face  d e n s i t y ,  as  may be seen 
from equat ion  (10). Thus the  semithickness decreases  as the  d i s k  cools ,  
b u t  i t  is  g r e a t e r  nea r  the  edge of the  d i s k  where os i s  small  than near  the  
cen te r  where crs i s  l a rge .  The l a t t e r  f e a t u r e  i s  of  prime importance f o r  
cons idera t ions  of  the  chemical accumulation of  m a t t e r  i n  the d i sk .  
I n  a more rea l i s t ic  d i s k  t h e r e  is  a f i n i t e  opac i ty .  Hence a tempera- 
t u r e  g rad ien t  must be s e t  up which w i l l  t r a n s p o r t  energy t o  the  su r faces  of 
the  d i s k ,  where i t  can be r ad ia t ed  away. Thus an a d d i t i o n a l  equat ion  f o r  
the temperature g rad ien t  i s  needed f o r  the  de te rmina t ion  o f  the  d i s k  
s t r u c t u r e .  This  s i t u a t i o n  i s  analogous t o  the  equat ions  of s te l la r  s t r u c t u r e  
which have been ex tens ive ly  s tud ied .  
trans f e r ,  then 
I f  energy t r a n s p o r t  i s  by r a d i a t i v e  
- = A 3 L  dT 
dz 4ac T3 ’ 
where a i s  the  r a d i a t i o n  cons t an t ,  c is  the  v e l o c i t y  of  l i g h t ,  K i s  the  
opac i ty ,  and L i s  the  energy t r a n s p o r t  i n  erg/cm2 sece 
s u f f i c i e n t l y  high,  then the gas becomes uns t ab le  aga ins t  convective energy 
t r a n s p o r t ,  and the  temperature g rad ien t  is  approximately ad iaba t i c :  
I f  the  o p a c i t y  i s  
dT 
dz 
where y i s  the r a t i o  of s p e c i f i c  heats .  
(11) and (12) gives the smaller  temperature grad ien t ,  
One must use whichever of equations 
A s  explained above, angular momentum t r anspor t  i n  the s o l a r  nebula and 
d i s s i p a t i o n  t o  form the sun depends c r i t i c a l l y  on the presence of convection, 
A t  temperatures f n  the genera l  v i c i n i t y  of 3000 OK and pressures  of l e s s  than 
a few atmospheres, the opac i ty  i s  r a t h e r  l o w  and convection should not  be 
present .  However, a t  temperatures near  1000 OK, chemical condensation of 
i ron  and s i l i c a t e  p a r t i c l e s  has occurred and the molecular opac i ty  of H20, 
NH3, and CH4 i s  important. 
A s  f a r  as the p a r t i c l e s  a re  concerned, the main cont r ibu t ion  t o  opac i ty  
comes from the m e t a l l i c  i r o n  g ra ins ,  
of very pr imi t ive  meteori tes  (E. Anders, p r iva t e  communication), the i ron  
grains  should have s i z e s  i n  the submicron range, much l e s s  than the wave- 
lengths o f  the  r ad ia t ion  i n  the nebula, and the opac i ty  can be ca lcu la ted  
without ambiguity ( I  am indebted t o  J i M ,  Greenberg f o r  providing me with the 
necessary da t a )  
Judging from e lec t ron  microscope p i c tu re s  
I have ca lcu la ted  some typ ica l  d i sk  s t r u c t u r e s  using s o l i d  p a r t i c l e  
opac i t i e s  only. The typ ica l  r e s u l t  i s  t h a t  no convection i s  present  f o r  
small  values of osS but  between surface d e n s i t i e s  of lo5 and PO6 grams per 
square cent imeter  convection s e t s  i n ,  I am cu r ren t ly  preparing to  do the 
ca l cu la t ion  wi th  the add i t ion  of molecular o p a c i t i e s ,  and P expect the 
threshold f o r  convection t o  be lowered, perhaps t o  between PO4 and l o 5  grams 
per square cent imeter ,  .. 
It may be noted t h a t  the sur face  d e n s i t i e s  exceed the threshold f o r  
convection i n  the s t e l l i s k s  shown i n  Figures 2 and 3 out  to  a few astronomical 
u n i t s ,  Hence t h i s  i s  the range of  mater ia l  i n  the s t e l l i s k s  which may be 
expected t o  d i s s i p a t e  t o  form the sun. The amount of ma te r i a l  i,n these 
models out  to  the  ind ica ted  d is tance  i s  of the order  of a s o l a r  mass. 
The more r e a l i s t i c  s t r u c t u r e  of the d i sk  remains close t o  t h a t  of the 
isothermal case. Most of the temperature drop occurs c lose  t o  the surface.  
I f  the sur face  dens i ty  i s  much above the threshold f o r  convection, then the 
d i sk  i s  convective everywhere except near  the photosphere, where i t  becomes 
i n  r ad ia t ive  equi l ibr ium, However, near  the  threshold fo r  convection, the 
convective t r anspor t  occurs only near  the sur face ,  and the major p a r t  of the 
d i sk  near  the center  i s  i n  r a d i a t i v e  equilibrium, 
i n  which chemical accumulation of meteori tes  probably occurred, t h i s  
complicated radiat ive-convect ive s t r u c t u r e  may be of primary importance i n  
me t e o r i  t e  s tud ie s  
Since t h i s  i s  the region 
Chemically condensed p a r t i c l e s  i n  the submicron range w i l l  remain 
e f f e c t i v e l y  suspended i n  the gas of the d i sk ,  s ince  g r a v i t a t i o n a l  p o t e n t i a l  
gradients  a r e  very small. 
f o r  accumulation processes9 s ince  i t  assures  t h a t  p a r t i c l e s  w i l l  c o l l i d e  
very gent ly  and can hold together  i f  t h e i r  sur faces  have a f f i n i t i e s  f o r  
each o the r ,  
The presence of t h i s  gas i s  extremely important 
Processes important i n  the accumulation of me teo r i t i c  ma te r i a l  include: 
lo Gravi ta t iona l  s e t t l i n g .  A s  remarked above, t h i s  i s  a very s low 
process owing t o  the small  values  of the g r a v i t a t i o n a l  p o t e n t i a l  g rad ien ts ,  
2 E l e c t r o s t a t i c  acce lera t ion .  Natura l  r a d i o a c t i v i t y  w i l l  produce 
ion iza t ion  i n  the nebula,  and turbulence w i l l  tend t o  sepa ra t e  charges and 
e s t a b l i s h  e l e c t r o s t a t i c  p o t e n t i a l  g rad ien ts  [ll] Resul t ing l i gh tn ing  d i s -  
charges may p lay  a r o l e  i n  the melt ing and formation of  chondrules [ l l , l 2 ] .  
P a r t i c l e s  wi th  d i f f e r e n t  charge t o  mass r a t i o s  w i l l  s u f f e r  va r i ab le  
acce lera t ions  which leads t o  c o l l i s i o n s  among them. 
the gas, which w i l l  b r ing  toge ther  p a r t i c l e s  s l i g h t l y  displaced perpendicular 
t o  the d i r e c t i o n  of the  shear .  
4 .  Radial  p ressure  grad ien ts ,  Although the gas pressure grad ien t  i n  
the r a d i a l  d i r e c t i o n  i n  the plane of the d i s k  has been ignored here,  neverthe- 
l e s s  i t  w i l l  have a f i n i t e  value.  Hence the  gas w i l l  r o t a t e  a t  s l i g h t l y  
l e s s  than the Keplerian o r b i t a l  ve loc i ty ,  bu t  the  p a r t i c l e s  w i l l  t r y  t o  
have Keplerian v e l o c i t i e s ,  F r i c t i o n  with the  gas w i l l  lead t o  a slow d r i f t  
of p a r t i c l e s  inward i n  the nebula,  the  r a t e  of which var ies  with the mass t o  
projected su r f  ace a rea  r a t i o  
3 .  Turbulence. The turbulence i s  charac te r ized  by a shear ing  motion i n  
A f ea tu re  which g r e a t l y  complicates the accumulation process i s  the 
necess i ty  f o r  some s o r t  of chemical a f f i n i t y  between the  sur face  layers  of 
the c o l l i d i n g  p a r t i c l e s  Presumably t h i s  v a r i e s  with temperature and composi- 
t i on ,  
The l a r g e s t  tu rbulen t  eddies  in  the  thermally-driven convecting gases 
w i l l  have dimensions comparable t o  the s c a l e  he ight  zuo  
of i n t e r e s t ,  t h i s  he ight  i s  comparable t o  o r  no t  too much l e s s  than the  
r a d i a l  d i s tance  i n  the  d i s k  (thus ind ica t ing  t h a r  the approximation of  
decoupling the r a d i a l  and perpendicular  p rope r t i e s  of the d i sk  here i s  only a 
rough approximation). Thus the l a rge  scale of the turbulen t  eddies w l l l  have 
two important e f f e c t s  on the accumulation process: 
t ranspor t  i n  the nebula during the accumulation process.  This can introduce 
chemical inhomogeneities i n  the accumulating ma te r i a l ,  
2. The turbulen t  v i s c o s i t y  w i l l  be very l a rge ,  leading t o  a rap id  
d i s s i p a t i o n  of the  inne r  s o l a r  nebula i n  a time n o t  too many orders  of 
magnitude g r e a t e r  than the o r b i t a l  per iods,  A general  d i s s i p a t i o n  time - l o  
years  i s  thus crudely indicated.  The accumulation of  s o l i d s  i n t o  p lane tary  
bodies i s  thus i n e f f i c e n t ,  and i t  i s  not  s u r p r i s i n g  t h a t  the p lane ts  conta in  
o n l y -  lom2 of the chemically condensed f r a c t i o n  of the  inne r  nebula. A s  a 
r e s u l t  of the  rap id  r e l ease  of g r a v i t a t i o n a l  p o t e n t i a l  energy i n  the  sur face  
l aye r s  of a planet l i k e  the e a r t h ,  temperatures i n  the ou te r  l aye r s  of 
several thousand degrees w i l l  be produced, leading t o  v o l a t i l i z a t i o n  and 
l o s s  t o  the  s o l a r  nebula of  many of the s o l i d  cons t i t uen t s ,  Vo la t i l e  
elements w i l l  be re ta ined  only near  the cen te r  of the e a r t h  and i n  small  
bodies ( including meteor i tes )  which f a l l  on the e a r t h  l a t e r .  
For the temperatures 
1. Chemically condensed ma te r i a l s  w i l l  be sub jec t  t o  ex tens ive  r a d i a l  
3 
After  the  sun has formed, i t  w i l l  be a "T Tauri" s tar ,  Such s t a r s  a r e  
observed t o  emit m a s s  a t  a rap id  r a t e ,  t y p i c a l l y  a s o l a r  m a s s  per  mi l l i on  
years .  This m a s s  loss  i s  presumably a form of  enhanced s o l a r  wind having 
some lo7 times the f l u x  of the  present  s o l a r  wind, 
pr imi t ive  atmospheres which would be captured by the inne r  p lane ts  from the  
nebular gases ,  and i t  w i l l  a l s o  sweep away the r e s i d u a l  nonconvective gas 
i n  the ou te r  p a r t  of the s o l a r  nebula. 
This w i l l  sweep away the  
9 
the  
E11 
C2l 
d- 
~3 1 
~ 4 1  
~ 5 1  
I wish t o  thank J . M .  Greenberg, K,H. Prendergast, P. Thaddeus, E,  Anders, 
and J , A .  Wood f o r  he lp fu l  discussions on some aspects  of t h i s  work.. This 
research has been supported i n  p a r t  by the National Science Foundation and 
National Aeronautics and Space Administration, 
Re f erence s 
CAMERON, A,G.W., Icarus  ,l- (1962) 13. 
CAMERON, A.GoW9, I n f r a red  r a d i a t i o n  associated wi th  p r o t o s t a r s ,  t o  be 
published i n  proc. of London conf. on i n f r a r e d  astronomy (May, 1967). 
CAMERON, A,G.W,, Icarus  ,l- (1963) 339, 
BURBUDGE, E.M,, BURBIDGE, G.R., PRENDERGAST, K.H., Astrophys, J. 132 
(1960) 282. 
BURBIDGE, E,M., BURBIDGE, G.R., PRENDERGAST, K.H,, Astrophys. J. 132 
(1960) 640. 
C6l 
l 7 1  
C8 1 
~ 9 1  
[ lo]  HUNTER, C e ,  Mon. Not. Roy. Astronom. SOC, 126 (1963) 299. 
[ll] CAMERON, A.G.W,, Ear th  and Planet .  Sc i .  Letters 
[12] WHIPPLE, F,L., Science _153 (1966) 54. 
(1966) 93, 
B W T ,  J .C . ,  Astrophys. J. 131 (1960) 293. 
BRANDT, J . C , ,  BELTON, M,J.S., Astrophys. J ,  (1962) 352. 
MESTEL, L., Mono Not. Roy. Astronom. Soc, 126 (1963) 553. 
McMILLAN, W.D., The theory of the  p o t e n t i a l ,  Dover, New York (1958). 
I I I 
IO’ 
h 
( u .  
5 iog 
c3 
Y 
>- lo5 
t- 
z 
W 
lo4 
I o2 
10 
DENSITY DiSTRIBUTION 
LINEAR SPHERE 
UNIFORM SPHERE 
----- 
1Ol2 
RADIAL DISTANCE (CM.) 
Figure  1. Surface  d e n s i t y  d i s t r i b u t i o n s  f o r  c e n t r i f u g a l  
equi l ibr ium of  d i s k s  formed from co l l apse  of uniform 
and l i n e a r  spheres.  
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Figure 2.  Changes i n  surface dens i ty  d i s t r ibut ions  in the 
uniform sphere s t e l l i s k  a f t e r  d i s s i p a t i o n  of  i n i t i a l  
turbulence. 
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Figure 3.  Changes i n  surface density d is tr ibut ions  i n  the 
l inear  sphere s teLl i sk  a f t e r  d iss ipat ion of i n i t i a l  
turbulence. 
